A wall +membrane preparation from Micrococcus Zuteus was used to synthesize radioactively labelled peptidoglycan. The newly synthesized peptidoglycan either was cross-linked by transpeptidation to existing wall or remained associated with the membrane fraction but was not cross-linked. The average biosynthetic chain lengths, calculated from the ratio of free reducing groups of muramic acid to total muramic acid, were 66 disaccharide units for cross-linked and 26 disaccharide units for the uncross-linked material. The latter value was confirmed by the release of lactyl peptide side chains by p-elimination. Benzylpenicillin ( I p u g ml-l) inhibited cross-linking but not overall synthesis of glycan whereas at concentrations above 10 pg ml-l overall glycan synthesis was slightly inhibited. In the presence of IOO pg benzylpenicillin ml-l the incorporation of disaccharide units to existing walls decreased to 25 % of the control. This residual incorporation represented extension by transglycosylation of peptidoglycan already cross-linked to existing walls. Chains with an average length of between 30 and 45 disaccharide units were added during a 30 min incubation period. However, if incubation was continued for up to 120 min (in the presence of IOO pg benzylpenicillin ml-l) a considerable amount of the newly synthesized peptidoglycan was lost from the purified wall because autolytic enzymes were expressed in the wall + membrane preparation after the action of the antibiotic.
INTRODUCTION
Recently a novel system for the study of peptidoglycan biosynthesis was described (Mirelman, Bracha & Sharon, 1972; in which crude wall and membrane preparations were used as the enzyme sources. The crude wall preparation incorporated radioactivity from the nucleotides UDP-N-acety~muramy~-~-alanyl-~-isoglutamyl-L-lysyl-D-alanyl-D-alanine, UDP-N-acetylglucosamine and the amino acid glycine into newly synthesized peptidoglycan. The advantage of this system over the membrane and particulate enzyme preparations used earlier (Anderson et d., 1965 (Anderson et d., , 1966 was that it not only catalysed the polymerization reactions but also attached the newly synthesized peptidoglycan to existing wall.
Low concentrations of penicillin inhibited not only the transpeptida tion reactions but also the covalent binding of newly synthesized peptidoglycan to the existing wall (Mirelman, Bracha & Sharon, I 974a). However, complete inhibition of incorporation from nucleotides into existing wall could not be achieved. Transglycosylation reactions, which were responsible for elongation of existing glycan chains, were insensitive to penicillin and thus a con-Peptidoglycan synthesis in M. luteus I73 contained fragments of membrane firmly attached to walls and free membrane fragments. The crude wall +membrane preparations were washed once in 50 mMTrislHC1 buffer, pH 7.8, containing 20 m~-MgCl, and I m~-a-mercaptoethanol (TMM buffer) and resuspended in the same buffer to give a final protein concentration of 3 to 7 mg ml-l. Wall +membrane preparations were isolated afresh for each incorporation of nucleotides.
Determination of enzyme activity in wall + membrane preparations. The complete reaction mixture contained (in a final volume of 200 pl) 50 mM-Tris/HCl (PH 7.8), 20 m~-MgCl,, I m~-2-mercaptoethanol, IOO m~-NH,cl, 15 mM-ATP and enzyme preparation (100 ,d). Radioactively labelled and unlabelled substrates were added as indicated and incubated at 28 "C for 30 min: (i) UDP-N-acetyl[14C]glucosamine (10 nmol, 32.0 d.p.m. pmol-l), UDP-MurNAc-pentapeptide ( IOO nmol) and glycine (500 nmol) ; (ii) UDP-N-acetylglucosamine (100 nmol), UDP-[14C]MurNAc-pentapeptide (28 nmol, I 1.0 d.p.m. pmol-l) and glycine (500 nmol) ; (iii) UDP-N-acetylglucosamine (I 00 nmol), UDP-MurNAc-[ I~s -~~C ] pentapeptide (7.6 nmol, 28 d.p.m. pmol-l) and glycine (500 nmol). Reactions were stopped by adding 0-2 ml 10 % (w/v) sodium dodecyl sulphate (SDS). The suspension was centrifuged for 4 min in a Unipan model 320 microcentrifuge. The clear supernatant fluid was transferred to a cooled centrifuge tube. The SDS, brought out of solution by cooling to 4 "C, was sedimented by centrifuging and the supernatant fluid was applied to the origin of a paper chromatogram and run in solvent B. The material remaining on the origin was either counted directly in toluene scintillant or eluted from the paper with water and counted in dioxan scintillant. The remaining wall pellet was resuspended in 0.5 ml TMM buffer containing I % (w/v) SDS and washed four times with the same buffer. It was then resuspended in TMM buffer (0.5 ml) plus I % SDS and heated (100 "C) for 15 min. After cooling, the walls were washed once in TMM buffer and twice in water (0.5 ml). They were resuspended in 0.5 ml water and the radioactivity of a suitable sample suspended in dioxan scintillant was measured. Agreement between replicate samples was very close.
Measurement of chain lengths by bororH1hydride reduction. Purified SDS-soluble and SDS-insoluble peptidoglycans, labelled with 14C in the muramyl residues, were prepared as above. Each purified peptidoglycan was treated with 0.1 M-HCl for 2 h at 60 "C. The acid was then removed by rotary evaporation and the samples were reduced with KB3H4 (10 ,uCi pmol-l) in dilute NaOH at 4 "C for 6 h (Ward, 1973) . Excess KB3H4 was destroyed by the addition of dilute HCl followed by drying in vacuo. The SDS-insoluble (cross-linked) material was washed twice with water.
Both the SDS-soluble and SDS-insoluble materials were then subjected to acid hydrolysis (3 M-HCl, IOO "C, 3 h) in sealed tubes. The acid was removed under vacuum over NaOH pellets and this process was repeated twice after addition of water. Finally samples were prepared in 0.5 ml pyridine acetate buffer (0.1 M, pH 2.8), and applied to a column (0.8 x 20 cm) of Dowex 50 (X2,200 to 400 mesh) equilibrated in the same buffer, with which the column was then eluted; 2 ml fractions were collected. Samples (0.1 ml) were dried under vacuum over P205, and then counted in dioxan scintillant. Two radioactive peaks corresponding to muramitol (labelled with both 14C and 3H) and muramic acid (labelled with 14C only) were obtained. Fractions corresponding to each peak were pooled and run separately on Whatman 3MM paper in solvent C overnight with a [14C]muramitol standard. The chromatogram was cut into 0.5 cm strips which were counted in toluene scintillant.
Degradation of the reducing terminal N-acetylmuramyl peptide unit. Purified SDS-soluble and SDS-insoluble peptidoglycans, labelled with 14C in the lysine residues, were prepared as above. Most samples were treated with 0.1 M-HCl at 60 "C for 2 h, and then dried over NaOH under vacuum. Some samples were not hydrolysed with acid in order to determine whether the reducing group on the terminal muramyl residue of the glycan was blocked (Ward & Perkins, 1973) . All samples were further treated with 4 M-NH,OH in stoppered vessels at 37 "C for 6h to obtain p-elimination of the 3 -0 substituent on the reducing muramyl residue (Ghuysen et al., 1967; Perkins, 1967; Tipper, 1968) . The samples were then transferred to the origin of a chromatogram on Whatman no. 3 paper and developed in solvent A. After thorough drying, the chromatogram was cut into I cm strips which were placed in scintillation vials and counted in toluene scintillant. Analyticalmethods. Protein was determined by the method of Lowry et al. (1951) with bovine serum albumin as standard. Amino sugars and amino acids present in nucleotides and in disaccharide-pentapeptide (isolated from lysozyme digests) were determined using a Beckman-Spinco automatic amino-acid analyser after hydrolysing the samples in 4 M-HCl for 4 h at IOO "C (for amino sugars) or 6 M-HCl for 16 h at 105 "C (for amino acids). N-Acetylhexosamines were determined by the method of Reissig, Strominger & Leloir (I 955).
Radioactivity on paper chromatograms was located by a Packard radiochromatogram scanner or I cm strips were cut out and counted directly in a Packard liquid scintillation Source of marker compounds. Purified walls were isolated from cultures of M . luteus grown to the late-exponential phase by disruption of the cells with ballotini glass beads (no. 12) and differential centrifuging. The wall fraction, which sedimented at 12000g but not at 50008, was resuspended in buffer containing 4 % (w/v) SDS. The purified walls were then washed extensively with water and freeze-dried for storage. Disaccharide (N-acetylglucosaminyl-N-acetylmuramic acid) and the disaccharide pentapeptide GP2 (Mirelman & Sharon, 1967 ) were prepared by lysozyme digestion of purified walls. The diffusible material was separated into its various components by paper chromatography and electrophoresis at 80 V cm-l on Whatman 3MM paper in buffer D. Lysozyme digests (500 pg lysozyme ml-l for 48 h in sodium phosphate buffer pH 6.5) or radioactively labelled peptidoglycan were separated by electrophoresis in buffer D or by chromatography in solvent A.
SDS-soluble material was digested with Myxobacter ALI enzyme (Ensign & Wolfe, 1966) in 0.05 M-TrislHCl buffer, pH 9.0, for 24 h.
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RESULTS
Incorporation of labelled nucleotide into walls
The newly synthesized peptidoglycan cross-linked to existing wall was purified by extensive washing with TMM buffer containing I % SDS. Regardless of whether the UDPMurNAc-pentapeptide or UDP-N-acetylglucosamine was radioactive, approximately 2000 pmol was incorporated per mg of membrane protein in 30 min. As implied by the results of Mirelman et al. (1974a), wall +membrane preparations synthesized not only cross-linked material but also linear uncross-linked peptidoglycan, found in the supernatant fluids of incubation mixtures. The ratio of the SDS-soluble material to the total peptidoglycan synthesized depended on the state of the crude enzyme preparation. Vigorous grinding with alumina freed more membrane from the wall, consequently increasing the proportion of SDS-soluble material. In most experiments, SDS-soluble material represented 55 to 65 % of the total synthesized glycan; however, values as high as 80 % have been obtained. There was no evidence to suggest that the SDS-soluble material was ever cross-linked to existing wall. Indeed an experiment in which crude enzyme preparations were incubated for various times between 30 and 120 min indicated that the two types of synthesis were not interrelated. The synthesis of SDS-soluble material was paralleled by that of cross-linked material during the 2 h incubation and the ratio of SDS-soluble material to total peptidoglycan synthesized remained almost constant throughout, providing no indication of a precursorproduct relationship. To determine whether SDS-soluble material could serve as a substrate for cross-linking, 14C-labelled SDS-soluble peptidoglycan was purified as before and incubated with a fresh wall + membrane preparation. No nucleotide precursors were added to the incubation mixture. Only 34 pmol of soluble peptidoglycan was cross-linked to existing wall, whereas when peptidoglycan was newly synthesized from nucleotide precursors, 2281 pmol was rendered insoluble by cross-linking. In another experiment, the fraction collected as a pellet between 1 2 0 0 0 and 40000g was used as a source of enzyme. This synthesized SDS-soluble peptidoglycan but did not link it to SDS-purified walls (4 mg) which were added to the incubation mixture. The total radioactivity found in the soluble material was 17970 d.p.m., whereas that associated with the purified wall (extensively washed with SDS after incubation for 30 min) was 161 d.p.m. Hence peptidoglycan was synthesized by the membrane preparation but this material was not cross-linked to the added walls. This showed that the walllmembrane interface must remain intact for cross-linking of nucleotides to existing walls to occur.
Lysozyme digestions were carried out to determine the degree of cross-linking in newly synthesized peptidoglycan (Mirelman et al., I 974 a) . SDS-soluble peptidoglycan synthesized from UDP-N-a~etyl[~~C]glucosamine yielded, after lysozyme digestion, a single radioactive spot (Rp 0.53) on chromatography in solvent A. The product had the same chromatographic and electrophoretic properties as the GP2 fragment (Mirelman & Sharon, 1967) . There was no sign of any unsubstituted disaccharide, N-acetylglucosaminyl-N-acetylmuramic acid, nor of any cross-linked material. On the other hand, lysozyme digestion of cross-linked peptidoglycan labelled with UDP-N-acetyl[14C]glucosamine revealed several radioactive spots on electrophoresis in buffer D. The spot with the greatest mobility towards the anode was identical with that from authentic disaccharide (N-acetylglucosaminyl-N-acetylmuramic acid) prepared by lysozyme digestion of walls of M. luteus (Perkins, 1960) . This material was also observed, but not measured, by radioactivity found in cross-linked peptidoglycan. Thus the proportion of unsubstituted disaccharide units found in peptidoglycan synthesized and cross-linked in vitro was very low compared with that found in the walls of whole organisms, where the value is approximately 50 % (Ghuysen et al., 1968) .
A. WESTON, J. B. W A R D AND H. R. P E R K I N S
Is the reducing group of the SDS-soluble peptidoglycan blocked during synthesis ? A fresh wall f membrane preparation was incubated with UDP-MurNAc-[lys-14C]pentapeptide and other substrates as before. Very little lactyl peptide was freed by direct P-elimination, whereas after mild acid hydrolysis (0.1 M-HCl, 60 "C, 2 h) there was a large increase in the number of lactyl peptides released by @-elimination (Table I) . Clearly, as in B. Zicheniformis (Ward & Perkins, 1973) , the reducing group of the terminal muramyl residue was blocked by a linkage which was labile to mild acid hydrolysis. It seems probable that this linkage was the same as that found between the disaccharide hexapeptide and the lipid intermediate during peptidoglycan synthesis. Consequently for estimation of chain lengths of newly synthesized peptidoglycan, mild acid hydrolysis was routinely included.
Estimation of the average biosynthetic chain length P-Elimination of SDS-soluble peptidoglycan labelled with 14C in the lysine residue gave values for the chain lengths of 25 and 28 disaccharide units ( Table 2) . This agreed closely with the value obtained by potassium b~ro [~H] hydride reduction. UDP-[14C]MurNAcpentapeptide was incorporated into newly synthesized peptidoglycan by wall + membrane preparations, so that the muramyl residues of new peptidoglycan were labelled with 14C. After treatment with potassium bor~[~mhydride, acid hydrolysis of the peptidoglycan gave [14C,3H]m~ramitol and [14C]muramic acid, which were separated by column and paper chromatography. The average biosynthetic chain lengths were calculated by dividing the total radioactivity attributed to 14C by the amount found in muramitol. For SDS-soluble material the biosynthetic chain length was 26 disaccharide units and for cross-linked material it was 66 disaccharide units (Table 3) . However, the latter did not correspond to that obtained by the @-elimination method ( Table 2 ). The number of lactyl peptides set free by ,&elimination was smaller than expected from the number of free reducing groups. This result suggests that many of the disaccharide hexapeptide units were cross-linked almost immediately to existing wall and thus were not freed by p-elimination.
Peptidoglycan synthesis in M. luteus Table 2 . Estimation of the average chain length of newly synthesized peptidoglycan:
SDS-soluble and cross-linked peptidoglycans labelled with UDP-M~rNAc-[lys-'~C]pentapeptide were pu&ed,and subjected to mild acid hydrolysis (0.1 M-HCl, 60 "C, 2 h) followed by 4 M-NH~OH. Chromatograms of the supernatant fluid from the cross-linked material and of the SDS-soluble material were developed in solvent A, and then cut into I cm strips which were counted in toluene scintillant . The eflect of penicillin on incorporation of labelled nucleotides into cross-linked material Mirelman et al. (1972) showed that incorporation into cross-linked peptidoglycan was inhibited by not more than about 70 % by benzylpenicillin and proposed that the residual radioactivity was linked to existing wall by a transglycosylation reaction. In our hands, the maximum inhibition of incorporation of UDP-N-acetyl [14C]glucosamine into cross-linked material, even in the presence of high concentrations of penicillin, was 74 %. However, overall glycan synthesis, as measured by the total radioactivity in newly synthesized peptidoglycan, was unaffected by penicillin except slightly at the highest concentrations (Fig. I) . This was in agreement with experiments which showed that whole cells treated with penicillin released soluble peptidoglycan into the medium (Mirelman et al., 1974 b 
Estimation of the lengths of glycan chains added by transglycosylation
Radioactivity from UDP-[14C]MurNAc-pentapeptide was incorporated into wall + membrane preparations in the presence of IOO pg benzylpenicillin ml-l and walls were purified with SDS as before. Under these conditions the radioactivity found in the wall fraction was presumably linked by transglycosylatioa. The lengths of the glycan chains were measured by KB3H, reduction as before. On average, between 30 and 45 disaccharide units were linked to nascent chains of the existing walls by transglycosylation during 30 min incubation (Table 3) . Since these new chains were attached to the existing peptidoglycan only by transglycosylation, the fact that they contained a proportion of muramyl residues which, after mild acid hydrolysis, could be reduced by KB3H4 showed that the direction of extension must be by addition of new units at the reducing end of the glycan chains, as previously found in B. licheniformis (Ward & Perkins, 1973) . The growing glycan chains must still have remained attached at their reducing ends to some acid-labile linkage. Had new disaccharide units been added at the non-reducing terminal, by substitution of C-4 of an N-acetylglucosamine residue, then mild acid hydrolysis would not have released any reducing groups of muramic acid.
Measurement of autolytic activity by a wall + membrane preparation induced by penicillin Incubation mixtures containing UDP-N-acetyl [14C]glucosamine, with or without benzylpencillin (100 pg ml-l), were incubated for between 30 and 120 min. The rate of incorporation of radioactivity into newly synthesized peptidoglycan linked to existing wall decreased with time, either with or without penicillin, and the incorporation of UDP-N-acetyl [l*C]glucosamine during the final 30 rnin of incubation was determined for each incubation mixture ( Table 4 ). The proportion of radioactivity attributable to attachment by transglycosylation (that found when penicillin was present) decreased from 25 % in the first 30 min to only 12 % in the last 30 rnin of a 2 h incubation. This result suggested that the ability of the preparation to attach new chains by transglycosylation deteriorated faster than its power to transpeptidate. This possibility was tested by conducting the experiment in another way. Complete incubation mixtures containing unlabelled UDP-N-acetylglucosamine and benzylpenicillin (100 pg ml-l) were incubated for either 30, 60 or 90 min and then labelled for the next 30 rnin with UDP-N-acetyl [14C]glucosamine (Table 4) . Under these circumstances the sum of the incorporation during the four successive 30min periods of incubation (i.e. 120 rnin in all) was 1032 pmol, compared with the apparent incorporation of only 737 pmol Peptidoglycan synthesis in M . luteus glucosamine compared with an apparent value of 8 I pmol when the labelled nucleotide was present throughout. These differences could be accounted for if in the presence of penicillin the newly synthesized peptidoglycan were being attacked by autolytic enzymes in the preparation, a supposition which further unpublished work has proved to be correct.
D I S C U S S I O N
In the presence of penicillin, where attachment to existing peptidoglycan chains must be by transglycosylation, disaccharide peptide units were added to the reducing end of the growing glycan chains in wall+membrane preparations of M . luteus. The direction of synthesis shown here is consistent with that originally demonstrated for peptidoglycan synthesis by a membrane preparation of B. Zicheniformis (Ward & Perkins, 1973) . Similarly the reducing end of the growing glycan chain was blocked by a linkage which was labile to mild acid hydrolysis.
The glycan chain lengths in cross-linked peptidoglycan were about three times as long as in SDS-soluble peptidoglycan, which suggested that the membrane incorporated nucleotides more efficiently when the interface between the membrane and the wall remained intact. Correspondingly, the need for the integrity of the wall/membrane junction to permit cross-linking was shown by the following experiments. A membrane preparation did not cross-link newly synthesized peptidoglycan to added purified wall and conversely a wall + membrane preparation did not utilize SDS-soluble peptidoglycan as a substrate for transpeptidation. These results imply that the processes of synthesis and cross-linking are continuous and highly ordered.
Lysozyme digestion of SDS-soluble peptidoglycan yielded a single product, similar to the disaccharide hexapeptide obtained after digestion of soluble peptidoglycan excreted by whole cells in the presence of penicillin (Mirelman et al., 19743) . Digestion of cross-linked
